Stokes-like IR (1560-1600-nm) emissions, which have been observed in laser-diode-(LD-) pumped microchip Nd-doped lasers, are re-examined experimentally. Dependences of IR emissions on pump wavelengths, pump densities, and operating temperatures are studied. The response of IR emissions to coherent probe-beam injection is investigated by use of a tunable LD light source. Optical phonons emitted through Auger recombination processes that result from LD high-density pumping are proposed to induce resonant intracavity stimulated phonon-sideband emissions.
INTRODUCTION
Raman scattering is a process involving the scattering of light by a material that occurs simultaneously with the absorption or emission of thermal energy (phonons). Conversion of energy requires the energy of the scattered photon be different from that of the incident photon by an amount equal to the energy of the phonon that is absorbed (Stokes) or emitted (anti-Stokes). Initially the investigations of Raman scattering centered on the mechanism by which the incident light beam interacts with the atoms of the material and on the electron-phonon interactions that cause some of the light energy to be converted to thermal energy. Once the physics of the process was understood, Raman scattering became a powerful spectroscopic tool for investigating vibrational, structural, and chemical properties of molecules and solids. The coherent third-order nonlinear interaction between a photon from an intense laser and a scattered phonon can induce monodirectional gain in a collinear pumping scheme and result in stimulated Raman scattering. Such stimulated Raman radiation is used for a variety of applications for coherent scattering spectroscopy and tunable light sources. However, intracavity solid-state Raman lasers that consist of laser materials and Raman cells based on coupled resonator or shared resonator designs have been developed. 1 Self-Raman-shifting pulsing, in which the Raman crystal is also the host material for the rare-earth ions that are active in lasing, has been reported in Nd:KGd(WO 4 ) 2 lasers. 2, 3 Recently Hwong et al. observed coherent 1.5-m laser emissions from laser-diode-(LD-) pumped microchip Nd-doped solid-state lasers, such as Nd:YAG, Nd:YVO 4 , and LiNdP 4 O 12 (LNP), 4 although there is no such optical transition in Nd atoms. These emissions possess energies that are lower by ϳ3000 cm Ϫ1 than the fundamental emissions near 1 m. In the case of LNP, three emissions whose wavelengths are separated by different energies from the fundamental lasing wavelengths at 1048, 1055, and 1060 nm, which operate on a double ⌳ scheme and form mirror images, were observed in this experiment. Such a high-energy shift cannot be understood in terms of a Stokes shift in the usual Ramanscattering process because there are thermal lattice vibrations in dielectric laser host materials such as YAG and YVO 4 .
In this paper we study this puzzling emission further; in particular, the dependence of IR emissions on pump wavelengths, temperatures, and pump densities. Furthermore, the response of lasers to a probe beam whose wavelength is scanned about the IR emission wavelength is investigated with a tunable LD light source. The paper is organized as follows: In Section 2, first we summarize the fundamental properties of IR emissions and associated four-wave mixing. Then Raman spectroscopic data are shown in comparison with nondoped Nd:YVO 4 crystals. The reduction of the IR emission threshold in a high-density pumping regime is demonstrated, and the involvement of optical phonons localized about Nd atoms in IR emissions is suggested, which involves the dependence of IR emissions on pump wavelength and temperature. In Section 3, pump-probe experiments are shown. The responses of the IR emission to a tunable IR LD beam are examined at the regions where pump power is either above or below the threshold, including resonant enhancement and attenuation of the probe beam intensity. The cavity resonance effect, including the response of a light field that is generated by four-wave mixing, on the probe field is discussed. The results are summarized in Section 4.
FUNDAMENTAL PROPERTIES OF INFRARED EMISSIONS

A. Infrared Emissions and Associated Four-Wave Mixing
We carried out the experiments by using LD-pumped Nd:YVO 4 and LNP lasers. Both crystals were 1 mm thick, and dielectric mirrors were coated on both ends of the crystal. The output coupling was 1% in the 1000-1100-nm range. The reflectivity of the mirrors in the 1500-1600-nm wavelength region was 50%. A collimated lasing beam from the LD oscillating at wavelength p ϭ 808 nm was passed through anamorphic prism pairs to transform the elliptical beam into a circular beam and was focused onto the crystals by a microscope objective lens. Linearly polarized TEM 00 mode oscillation was obtained for both lasers. Oscillation spectra were measured by a multiwavelength meter (HP-86120B) or an optical spectrum analyzer (Advantest Q8384) after the output beam passed through an optical isolator. Typical examples of lasing spectra in high pump regimes are shown in Fig. 1 [5] [6] [7] that form the mirror image. This simultaneous single-frequency oscillation at different transitions results from the strong fluorescence reabsorption and Auger recombination that are inherent in LNP with high concentrations of Nd. The 1048-nm oscillation occurs first, the second lasing mode appears at 1055 nm, and the 1060-nm oscillation follows as the pump power is increased. As the pump power is increased further, the 1048-nm mode output tends to decrease, until finally the 1055-and 1060-nm mode oscillations remain. 6, 7 In both lasers, in the multilongitudinal-mode regimes the interaction of two lasing modes that belong to one transition at frequencies 1,2 and the Stokes-like IR emission mode at 3 results in a new IR emission at 4 with the four-wave mixing condition 4 ϭ 3 Ϫ ( 1 Ϫ 2 ) satisfied as shown in Fig. 2 , where k ϭ c/ k (c is the velocity of light; k ϭ 1, 2, 3, 4). Here the typical result for LNP lasers is shown.
We observed only one type of four-wave mixing, i.e., 4 ϭ 3 Ϫ ( 1 Ϫ 2 ), experimentally. The corresponding phase-matching condition is k 4 ϭ k 3 Ϫ (k 1 Ϫ k 2 ), where k i is the corresponding momentum of i and all k i are collinear, i.e., propagate in the same direction, because of the Fabry-Perot resonator cavity configuration of laser. The violation of the phase-matching condition (i.e., a reduction in power caused by a change in the propagation directions of mixed beams) of four-wave mixing is difficult to verify because we used a laser resonator for which the reflectivity is fixed and high (ϳ99%) for k 1 and k 2 and is ϳ50% for k 3 and k 4 . Furthermore, the mixed beam k 3 is self-generated. Nevertheless, it is quite possible that the phase-matching condition can be well satisfied because the indices of refraction for k 1 and k 2 are nearly the same (because the wavelengths are close) and the interaction length (i.e., the cavity length) is quite short. This is also true for k 3 and k 4 . Unlike the conditions for phase matching for second-harmonic generation and parametric oscillation, 8 the condition of phase matching is much easier to achieve here.
B. Raman Spectra and Influence of Pump Density
Let us first show Raman spectroscopic data for the crystals. For pure YVO 4 host crystals without Nd atoms, Arlaser-pumped Raman spectroscopy has shown that stable Raman-active modes exist only below 1000 cm Ϫ1 . 9 A similar Raman spectrum has been obtained in an Arlaser-pumped Yb:YVO 4 laser in which the Ar pump beam was not absorbed by Yb atoms. 10 Therefore, Raman scattering owing to lattice vibrations of the host crystal is ruled out for our Stokes-like emissions. However, for Nd in YVO 4 we have observed spectral components near 2850 cm
Ϫ1
, as shown in Fig. 3(a) , for which a 1-mm-thick uncoated Nd:YVO 4 crystal was pumped by an Ar laser (514.5 nm). A strong wavelength shift to 2500 cm Ϫ1 has been reported for Nd in YVO 4 .
11 Raman spectra for LNP, in which Nd atoms are compositional elements of the crystal, also peak near 2500 cm
, as shown in Fig. 3(b) , for which a 0.15-mm-thick uncoated LNP crystal was used. Both lasers possess a strong Nd absorption bands for the Ar-laser pump light (Fig. 3 ). Therefore these phonon spectra with unexpectedly large phonon energies are thought to be associated with optical pumping of Nd atoms.
To provide more insight into these IR emissions we examined the effect of excited-Nd-atom density on Stokeslike emissions. For this purpose we used microscope objective lenses with 10ϫ, 20ϫ, and 40ϫ magnification to focus the LD beam onto the crystals. For LNP the pump beam spot sizes averaged over the absorption length of 87 m were estimated to be 80, 40, and 20 m, respectively, for those objective lenses. Experimental input-output characteristics of both lasers in the pump-power region near the threshold for Stokes-like emissions are shown in Fig. 3 . It should be noted that the Stokes-like emission has a distinct threshold pump power for IR emissions. For Nd:YVO 4 the threshold for the Stokes-like emission does not depend so much on the degree of magnification. As for LNP, on the contrary, the threshold pump for the Stokes-like emissions is found to decrease as the magnification, i.e., the excited Nd density, is increased, although the lasing threshold for the fundamental emission is almost the same. Also, note that the threshold power for Stokes-like emissions is much less in LNP than in Nd:YVO 4 .
C. Nonradiative Transition Paths in Optically Pumped
Neodymium-Doped Lasers Based on these experimental results, let us consider the possible physical origin of Stokes-like emissions. Figure  5 shows optical transitions for Nd atoms in LNP. 12 These phonons emitted by nonradiative transition paths are ruled out as sources of the Stokes-like IR emissions. This is so because the same IR emission property was obtained by direct pumping of Nd atoms in these lasers from ground state 4 I 9/2 to upper laser level 4 F 3/2 with a tunable cw Ti:sapphire laser whose wavelength was tuned to 870 nm. In addition, the IR emission was observed even at the very low temperature of 4 K. The threshold for IR emission normalized by that for fundamental emission, r ϭ P th,R /P th , is shown in Fig. 6 as a function of temperature and suggests stimulated scattering by optical phonons. 14 Another possible nonradiative path is associated with lasing transitions, as shown by the wavy arrows in Fig. 5 . This is nothing other than an Auger recombination process that is due to excited-state absorption. In the LNP lasers, Nd atoms are compositional elements of the crystal and the Nd density is 30 times larger than those of Nd-doped laser crystals such as Nd:YVO 4 , where d ϭ 0.6 nm is the mean separation between Nd atoms. The absorption coefficient at 808 nm is 115 cm
Ϫ1
. As a result, the Auger recombination process that is due to the interaction between adjacent excited Nd atoms becomes effective for high-density pumping conditions. 5, 12, 13, 15 In the case of the 40ϫ objective lens, for instance, 10% of the Nd atoms in LNP (4.37 ϫ 10 21 /cm 3 ) is estimated to be excited to the upper laser level. In LNP, each Nd atom has eight nearest-neighbor Nd atoms. 16 Therefore an excited Nd atom will, on average, begin to see one excited Nd atom among its nearest neighbors. In this situation, when one excited Nd atom emits a photon, an adjacent excited Nd absorbs this photon and is excited to a higher absorption state, 2 GI 9/2 , 2 DI 3/2 . When this excited Nd atom relaxes to the upper laser level in a nonradiative process, high-density optical phonons are expected to be emitted. In the ⌳ scheme operation in LNP, where lasing occurs on transitions from the same upper laser level to different lower laser levels, there are three possible transitions, at 1048, 1055, and 1060 nm, which correspond to 4 F 3/2 (1) → 4 I 11/2 (1, 2, 3). [5] [6] [7] The Auger process does exist for these transitions in LNP, as shown in Fig. 5 . The phonon energies that scatter each main transition field are thought to be different: The Stokes shift is highest for the 1048-nm field and lowest for the 1060-nm field. The probability of Auger recombination depends on the square of the excited Nd density. In LNP, excited Nd density increases as the magnification of the objective lens increases, and phonon emissions that result from the increased Auger recombination process are expected to be enhanced. Indeed, the Raman threshold is found to decrease substantially as the magnification is increased, as shown in Fig. 4 , whereas in Nd:YVO 4 the IR emission threshold is larger than that of LNP and does not change as a result of magnification of the objective lenses. This is so because the Auger recombination process does exist in Nd:YVO 4 but is less effective in such a diluted crystal with lower Nd concentrations and, in addition pump spot sizes averaged over the absorption length (i.e., density of excited Nd) do not change so much with magnification of the lenses because of the longer absorption length of Nd:YVO 4 . 17 At any rate, the lasing-mediated nonradiative process that produces optical phonons localized about Nd atoms does exist in both microchip lasers with highdensity LD pumping.
These phonons are considered to possess high energies and may have been the cause of the phonon spectra near 3000 cm Ϫ1 shown in Fig. 3 in which the Ar-laser light is scattered by phonons emitted through the Auger recombination associated with broadband fluorescence caused by optical transitions from the upper laser level with two manifolds to the lower laser level with six manifolds. Physically, direct coupling between a lasing photon wave with an energy of 9000 cm Ϫ1 and the high-energy phonon wave is expected to form a polaritonlike mixed excitational wave. Consequently, repetitive interactions between a circulating high-intensity intracavity lasing field and such a mixed excitational wave can induce doubly resonant intracavity stimulated Raman emissions when IR emissions, which are resonant with the laser cavity frequencies, can achieve enough gain for oscillation.
These Stokes-like emissions were also observed with Ar-laser pumping at 514.5 nm; however, the threshold pump power for IR emissions was much higher than that for LD pumping, in which the absorption length at 514.5 nm is 500 m, and resulted in a lower density of excited Nd atoms. The fact that the threshold pump power for the IR emission was reduced to 70 mW, while the lasing threshold was 65 mW if the LNP laser was pumped by the Ti:sapphire laser at 870 nm, should be considered. The reduction in the IR emission threshold also supports Auger-associated localized phonon emissions. This is so because the larger absorption coefficient of 230 cm Ϫ1 at 870 nm results in higher excited-Nd density than 808-nm LD pumping and lowers the IR emission threshold.
It is known that rare-earth ions are usually associated with much lower vibration energies (Ͻ600 cm 
PUMP-PROBE EXPERIMENTS WITH INFRARED EMISSIONS A. Experimental Setup
To investigate IR emissions further to confirm the idea of doubly resonant phonon-assisted oscillations mentioned above, we carried out pump-probe experiments by using a tunable laser diode. The experimental configuration is illustrated in Fig. 7 . The main pump source was the same LD oscillating at 808 nm as described above. Using a polarization cube, we designed an additional input port to inject the IR beam from a high-precision tunable Fabry-Perot-type InGaAsP laser source (Agilent 8164A/ 81640A; absolute wavelength accuracy, 0.015 nm; wavelength resolution, 0.1 pm; wavelength tunable range, 1510-1640 nm) to the lasers. The polarizations of the LD pump beam and the beam from the IR tunable LD were carefully aligned such that losses caused by the polarization cube were minimized. After passing through the cube, the two beams were aligned in parallel and focused into the laser crystal by a 20ϫ objective lens. We used a monochromator (ARC, Spectra Pro-500) followed by an IR viewer (FJW 84499A-5) and recorded the IR emission with a CCD. A three-dimensional intensity profile obtained by NI LabVIEW (IMAQ), an interface imageprocessing software for handling the captured CCD image, is shown under the photographic image that contains the circle. In the experiment, the injected IR laser power was typically set to 2 mW.
The laser crystals absorbed the pumped beam at 808 nm and emitted the fundamental lasing field ( p ), which serves as the pump beam to generate Stokes-like light at 1560-1600 nm ( s ). As the pump intensity was increased, four-wave mixing took place as described above, in which two longitudinal modes at the fundamental wavelength and a Stokes-like emission mode interacted to yield a new light field, as shown in Fig. 2 and described in Ref. 4 . How different are the response characteristics of the Stokes-like emission from the probe beam and those of the emission generated from the four-wave mixing? In this study we used the IR LD probe beam ( i ) to elucidate the nonlinear response.
B. Response of Infrared Emission to Laser-Diode Probe Light
Enhancement of the probe-light intensity was observed when probe-beam wavelength i was tuned just below (above) IR emission wavelength s and i approached from the shorter-(longer-) wavelength side. The enhancement ratio was 5 dB or more. The experimental result for a 5-mm-thick Nd:YAG laser is shown in Fig. 8 , where the enhancement can be seen. In Fig. 8(a) the filled triangle represents the IR emission wavelength in the absence of a probe beam; the wavelength of the IR emission was 1562.4 nm. As the probe beam approached the IR emission from the longer-wavelength side, the IR emission intensity was enhanced just above s , as shown in Fig. 8(b) . The enhancement occurred nonlinearly, as shown in Figs. 8(c)-8(e) , for which i was tuned from the shorter-wavelength side here. The enhancement occurred just below s in this case; Fig. 8(c) illustrates the threshold and Figs. 8(d) and 8(e) the saturation behavior in response to intensities 0.3, 1.8, and 2.1 mW of the probe beam. The observed hysteretic amplification property is similar to the response of a nonlinear Fabry-Perot interferometer 20 with optical gain or semiconductor lasers to an injected signal, which possesses optical gain and has an anomalous dispersion effect. 21 This observation suggests that the Stokes line exhibits an atomiclike dispersion effect, which provides parametric interaction as a result of 3 nonlinearity. Experimentally we found that, as the probe beam wavelength approached the IR emission wavelength, the IR emission wavelength was pushed out for i Ͻ s , whereas for i Ͼ s , the IR wavelength was closely drawn in.
The enhancement of the probe-beam intensity observed in the 1-mm-thick LNP laser is shown in Fig. 9 . Here the LNP is in the multitransition oscillating regime at 1048, 1055, and 1060 nm. The probe LD light wavelength was increased from the shorter-wavelength side toward the IR emission at 1581.5 nm that was generated by the 1055-nm mode. The maximum enhancement occurred at i ϭ 1581.3 nm, just below s , as indicated by the boldface arrow, when i approached from the shorterwavelength side in a way similar to that of the Nd:YAG laser shown in Fig. 8 .
Next let us show the response of lasers when the lasers are operated below the threshold of IR emissions. Amplification of the LD probe light occurred when the probe beam's wavelength coincided with the IR emission wavelength at 1561.8 nm. Results are shown in Fig. 10 , where the IR emission ( s ), observed above threshold is shown [ Fig. 10(a) ] to indicate the reference location of IR emission at 1561.8 nm. Below threshold, IR emission will not appear, and under this condition the Nd:YVO 4 may serve as an amplifying medium. Indeed, varying the wavelength of the probe beam ( i ) to approach that of IR emission causes the probe beam to be first strongly attenuated and then enhanced, as depicted in Figs. 10(b)-10(e). Such behavior is similar to the anti-Stokes output response of pumped Raman-active media to a probe beam scanned about the Stokes wavelength as in the coherent anti-Stokes Raman scattering (CARS) scheme.
14 Nevertheless, this peculiar response to the probe beam implies that the laser material can serve as an amplifying medium as well as an absorption medium, depending on the wavelength of the probe beam. These features also have been confirmed for Nd:YVO 4 and LNP lasers. 1562.4 nm ( 4 ) to satisfy the frequency relationship 4 ϭ 3 Ϫ ( 1 Ϫ 2 ). The direct influence of the probe beam on the new emission is thought to be weak because the new emission at 4 is generated through a higherorder process. Probe characteristics are shown in Fig.  11 ; probe-beam wavelength i was increased from the shorter-wavelength side toward the IR emission at 3 and toward the four-wave mixing field at 4 . The enhancement occurred just below 3 , as indicated by the boldface arrows, similarly to those in Figs. 8 and 9 . At the same time the new emission at 4 was enhanced through fourwave mixing. In contrast, no significant change occurred when the frequency of the probe beam coincided with 4 . The response characteristics show importantly that in the present configuration the emission generated by fourwave mixing has a different role from that of Stokes-like emission. The laser cavity seen by Stokes-like emission is a kind of optical resonator, which possesses a resonant Raman-like gain. In short, the laser cavity acts as a doubly resonant active optical resonator for fundamental laser fields ( 1,2 ) and Stokes-like IR field ( 3 ), whereas it serves only as a passive optical resonator for the fourwave mixing emission field at 4 , although because of four-wave mixing the 4 frequency matches the cavity's free spectral range.
SUMMARY
Coherent interaction between lasing fields and phonons emitted through nonradiative processes has been proposed as the explaination for Stokes-like emissions in LDpumped microchip Nd-doped lasers. An Auger recombination process, in particular, mirror image scattering in multitransition-oscillation LNP lasers based on the dependence of IR emission on pump density, pump wavelength, and operating temperatures, was introduced to interpret the observed emissions. We have employed a high-precision tunable IR laserdiode source to identify IR emissions. The LD probe experiment revealed that nonlinear amplification of the probe beam occurs when the probe-beam wavelength is scanned near an IR emission wavelength that exhibits hysteresis. The response of IR emission to the variation of pump wavelength ruled out the possibility of other nonradiative processes: Excited Nd-density dependence strongly suggests the involvement of phonons associated with excited absorption in Nd lasers. The CARS-like response to the probe beam observed below the IR emission threshold strongly suggests the presence of phononassisted self-Raman-shifting emissions in the system.
The proposed model of lasing-induced coherent excitational wave formation in LD-pumped microchip lasers can be generally applied to the whole variety of laser systems and would suggest new areas of research with coherent scattering in lasers. Further investigations of different microchip laser materials 22 together with a theoretical study 23 are strongly desirable. The observed Stokes-like emissions from LD-pumped microchip Nd-doped lasers are promising for applications to eye-safe lasers, space communications, lidar, etc., in combination with Er-doped fiber amplifiers.
